Introduction
============

When studying the living cell, it is extremely important to research the functional and structural features of its proteins. The determination of the occurrence of polyfunctional proteins and formation of their complex networks in eukaryotic cells is considered as a great achievement. The formation of these networks is based on, so-called, protein-protein interactions, disruption of which can lead to the development of various diseases including cancers, neurodegenerative diseases, autoimmune diseases, etc. ([@B1]-[@B3]). Therefore, analysis of these protein-protein interaction networks may provide targets of therapeutic interest. For example, a set of islet cell-specific proteins have been identified and explored using antibodybased proteomics. Colocalization with insulin and glucagon showed that some proteins (DGCR2, GBF1, GPR44, and SerpinB10) were expressed in beta cells. These antibodies were negative in specimens from persons with long-standing type I diabetes ([@B4]).

As a result of intensive studies, knowledge in the field of protein complex formation and function has accumulated in recent years. In addition, this type of dynamic interaction between proteins has been studied not only in various species, but also in different types of tissues and cells. Functions of the individual components of the protein complexes are carried through the protein-protein interaction.

Recently we established that the cells from different tissues (kidney, heart, and pancreas) of the adult rat contain the thermostable protein complex (TPC). This complex inhibits the proliferation of homologous cells due to inhibition of the transcription process. The special feature of the complex is the thermostability of its components ([@B5]). TPC from the brain tissue of an adult white rat, contains two groups of different proteins, according to column retention time, 5 and 20 minutes respectively (hydrophobic interaction chromatography), as we have described previously ([@B6]). It has been shown that the thermostable protein complex from the rat kidney also inhibits transcription in human kidney tumor cells (postoperative material) *in vitro* ([@B7]). From these results, we can assume that research on the TPC enables us to learn more about the precise mechanisms of cell proliferation and their management in order to develop therapeutic approaches in the future. It is known that the tissues of adult organisms have differential ability for self-renewal. Moreover, they lose their self-renewal capacity with age. In this regard, brain cells, the loss of which is irreversible, are particularly interesting. The generation of neurons is limited in most areas of the nervous system to certain periods of development. As recently as 10- 15 years ago it was thought that there was no replacement of dead cells after wear or damage to brain tissue, and that this led to the development of a variety of neurological disorders ([@B8]-[@B10]). However, brain tissue plasticity, realized through, socalled, progenitor cells in two regions of the brain, has been determined in the last few years. These two areas include the sub-ventricular lateral zone and the dentate gyrus of the hippocampus ([@B11]). This plasticity is maintained throughout life. The pluripotent stem cells of the brain are able to divide and differentiate, as well as to functionally integrate into tissue ([@B12]).

The origin and the renewal of neurons, as well as of any other type of cell, is a regulated process that occurs with both endogenous and exogenous factors. Many different factors regulating neurogenesis have been identified ([@B13]). It is shown, for example that neurogenesis is modulated by environmental factors, such as physical activity, stress and learning ([@B14]). Neurogenesis in mammals *in vivo* as well as in vitro is induced by the insulin-like growth factor-1 (IGF-1) ([@B15]), and neural stem cell proliferation is stimulated by fibroblast growth factor ([@B16]). There is less information about the inhibiting endogenous factors involved in neurogenesis. Based on all above, the goal of this study was the determination of tissue and species specificity of adult rat brain TPC and its effect on the transcriptional and proliferative activity of various tissues.

Materials and Methods
=====================

In this experimental study, we performed morphological and biochemical analyses of brain, kidney and liver tissues from white rats, mice and pigeons. The study was approved by a board of Professors from the Biology Department, Faculty of Exact and Natural Sciences, at Iv. Javakhishvili Tbilisi State University, according to the legal and statutory acts extant in Georgia under the Laws on Health Care and the Protection of Experimental Animals.

Animals and treatments
----------------------

Experiments were carried out on adult (150-170 g) and adolescent ([@B7], [@B10], [@B21], 28 days) white rats, adult pigeons and mice. Animals were housed under controlled conditions at a temperature of 25 ± 2˚C, relative humidity of 60 ± 10%, with room air changes 12-18 times/hour, and a dark/light ratio=14/10. During the experiment, they were provided with unrestricted access to water and food. The animals were divided into two groups: the control group, in which the animals were injected with 100 μl 0.9% saline; and the test group, in which the animals were injected with rat brain TPC (200 γ) intraperitoneally (as described previously) ([@B17]). The animals in both groups were decapitated under ether anesthesia three hours later. Brain, kidney and liver tissues were fixed in 4% paraformaldehyde (Sigma, USA) solution prepared in 0.1 M phosphate buffered saline pH=7.4 (Sigma, USA). The samples were embedded in paraffin, sectioned using a microtome and stained using standard \[Hematoxylin and eozine (H&E)\] and immunohistochemical protocols. Tissue samples were studied under the light microscope (Zeiss Primo Star, Germany).

Isolation of brain thermostable protein complex
-----------------------------------------------

TPC was obtained by alcohol extraction from a normal adult rat brain as previously described ([@B18]). The rat brain tissue was rinsed with 0.9% saline and crushed. Aqueous homogenates were prepared in a tissue/distilled cold water ratio of 1: 8. Then 96% ethanol were added twice to homogenates to obtain a protein fraction of 81% ethanol After centrifugation precipitate were solved in distilled water and boiled in a water bath (100˚C) for 20 minutes and centrifuged (600 g, 15 minutes). The supernatant was frozen and dried in a lyophilizer. As a result, a white powder residue of the TPC, soluble in water, was obtained. The protein samples were stored at 4˚C. The method of Lowry et al. ([@B19]) was used for measuring protein concentrations.

Determination of mitotic index
------------------------------

1 mg/kg of colchicine (Sigma, USA) was injected into the animals of both the control and the test groups for the determination of the colchicine mitotic index per 1000 cells (‰).

Immunohistochemistry
--------------------

Blocking of endogenous peroxidase with 3% hydrogen peroxide was performed on dewaxed and rehydrated slides for 10 minutes. Heat induced epitope retrieval in citrate buffer pH=6 (Abcam, UK) was used for 3 minutes (in microwave oven) to recover the Ki67 epitope. Tris-EDTA buffer pH=9.0 (Abcam, UK) was used as the antigen retrieval procedure for GAD65/67. Incubation with primary antibodies Ki67-clone SP6 (Abcam, UK, dilution 1: 50) and GAD65/67 (Sigma, USA, dilution 1: 1000), for two hours proceeded with the application of biotinized secondary antibodies (Sigma, USA, dilution 1: 400). Immunoreactivity was visualized using extravidin peroxidase (Sigma, USA, dilution 1: 200) and 3, 3'-diaminobenzidine (SIGMAFAST™ DAB, Sigma, USA) as chromogen. For each sample 5000 cells were counted and the number of Ki67 and GAD65/67 positive cells per 1000 cells (‰) was determined. Images were taken with a Zeiss Primo Star microscope.

Evaluation of transcriptional activity
--------------------------------------

The transcriptional activity of the tissues was evaluated by the test-system of the isolated nuclei ([@B20]). Nuclear fractions were incubated in 0.2 ml solution of Tris-HCL buffer (pH=8.3, Sigma, USA)-50 μm; MgCL2 (Sigma, USA)-7.5 μm; ATP, CTP, GTP-each 0.05 μm; \[^14^C\]-UTP ("UVVV", Czechoslovakia, specific activity 4.3 GBq/ mM), 0.001 μm. Each nuclear sample contained 100- μg DNA. Transcriptional activity was determined by the intensity of \[^14^C\] -UTP uptake in scintillator detector SL30 (Intertechnique, France).

Statistical analysis
--------------------

Data are expressed as mean SD. Students' t test was used for comparison among the different groups. P\<0.05 was considered statistically significant.

Results
=======

The influence of rat brain thermostable protein complex on the transcriptional activity of various tissues
----------------------------------------------------------------------------------------------------------

The transcriptional activity of nuclei isolated from the tissues of adolescent rats (7 days old) was decreased, on average by 35%, by the presence of rat brain TPC ([Fig .1A](#F1){ref-type="fig"}). The same effect was also seen in nuclei isolated from the tissues of 10 and 21 day-old rats. Transcriptional activity was inhibited by 35% by rat brain TPC in all three organs; brain, kidney and liver. Different results were obtained in the case of 28 day-old rats. TPC from rat brain had no effect on the transcriptional activity of nuclei isolated from the kidney ([Fig .1B](#F1){ref-type="fig"}). The next stage of the research, which used the tissues of adult rats, established that the inhibitory effect of brain TPC occurred only in homotypic cells ([Fig .1C](#F1){ref-type="fig"}).

The species specificity of rat brain thermostable protein complex
-----------------------------------------------------------------

### The impact of brain thermostable protein complex on the transcriptional activity of brain cells of various species

The brain tissues of adult white mice and pigeons were used to examine the species specificity of rat brain TPC. It was found that rat brain TPC decreased RNA synthesis by an average of 35-50% in nuclei isolated from the brain cells of both species ([Fig .1D](#F1){ref-type="fig"}).

The effect of thermostable protein complex on mitotic activity
--------------------------------------------------------------

The goal of the next stage of the investigation was to determine whether the inhibition of transcription would affect important processes, such as cell proliferation, in adolescent rats. We therefore studied the effect of rat brain TPC on the mitotic activity of various organs (brain, kidney, and liver) in adolescent (7-day-old) rats. It was found out that a single intraperitoneal injection of rat brain TPC leads to an average decrease of 30-40% in the mitotic index of both homotypic and heterotypic cells compared to controls ([Fig .1E](#F1){ref-type="fig"}).

![The Influence of rat brain thermostable protein complex (TPC) on the transcriptional activity of various tissues of different animals. A. Changes in transcriptional activity in various tissues of the adolescent (7-day-old) rat, B. Changes in transcriptional activity in various tissues of different age rats, C. Changes in transcriptional activity in various tissues of adult rats, D. Changes in transcriptional activity of isolated nuclei from the mice and pigeons brain, and E. Influence of rat brain TPC on the mitotic activity of various organs in adolescent rats.\
\*; P\<0.05 comparison to control in each group and \*\*; P\<0.01 comparison to control in each animal group.](Cell-J-19-552-g01){#F1}

The influence of thermostable protein complex on the proliferative activity of cells in dentate gyrus
-----------------------------------------------------------------------------------------------------

The influence of a single injection of rat brain TPC on cell proliferation in the dentate gyrus was evaluated after 3, 5 and 7 hours. These investigations revealed a decrease in the mitotic activity of the progenitor cells of about 35% three hours after TPC injection ([Fig .2A](#F2){ref-type="fig"}). The colchicine mitotic index of these cells did not change when evaluated 5 and 7 hours after the injection. In both cases the mitotic index (3.4-3.6 ‰) does not exceed the corresponding values for the control group ([Fig .2B](#F2){ref-type="fig"}). Changes in cell proliferation intensity in the hippocampus were also estimated using the antibody against proliferation marker-Ki67. This part of the study showed that as the mitotic index in the hippocampus decreased, the number of Ki67 positive cells increased by 36% ([Fig .2C](#F2){ref-type="fig"}).

![The influence of rat brain thermostable protein complex (TPC) on the proliferative activity of dentate gyrus cells of adolescent rats. A. Changes in mitotic activity in the dentate gyrus, B. The dynamic of changes in dentate gyrus mitotic activity, C. Changes in numbers of Ki 67 positive cells in the dentate gyrus, D. Mitotic figures (arrowheads) in the dentate gyrus (X90, H&E), and E. Ki 67 positive cells (arrows) in the dentate gyrus (X40 and X90).\
\*; P\<0.05 comparison to control.](Cell-J-19-552-g02){#F2}

The effect of thermostable protein complex on the quantity of GAD65/67 positive cells in the dentate gyrus
----------------------------------------------------------------------------------------------------------

The influence of rat brain TPC on the number of GAD65/67 positive cells in the rat hippocampus was studied. After 3 hours it was found that injections of rat brain TPC decreased the number of GAD65/67 positive cells in the hippocampus by approximately 3-fold compared to the control group ([Fig .3A](#F3){ref-type="fig"}).

![The influence of rat brain thermostable protein complex (TPC) on the quantity of GAD65/67 positive cells in the dentate gyrus of adolescent rats. A. Changes in the number of GAD65/67 positive cells and B. GAD65/67 positive cells (arrowheads, X90).\
\*; P\<0.05 comparison to control.](Cell-J-19-552-g03){#F3}

Discussion
==========

Intracellular and extracellular factors that regulate cell proliferation promote cell cycle initiation or the blocking and exit of cells from the cell cycle ([@B21]). In some cases, factors involved in the signaling pathways are multifunctional substances. It has been shown that fibroblast growth factors (e.g. FGF 2) have several and often controversial functions and that growth factors affect different phases of the cell cycle ([@B22], [@B23]). The participation of transmembrane proteins, integrins, in the regulation of cell proliferation has been described ([@B24]). All these factors are important for embryonic development, as well as in adults to maintain cellular balance. Their action is carried out by different mechanisms, one of which is gene activation via intracellular cascading reactions. The passage of cells through the cell cycle phases is controlled by the products expressed by these genes-the so-called positive and negative factors ([@B25]). The loss or the weakening of this control mechanism may be the cause of many serious diseases. Therefore, firstly, we examined the effects of rat brain TPC on transcriptional activity of the tissues. Our studies showed that the TPC decreases the intensity of RNA synthesis in the cell nuclei of adolescent (7-day-old) rat brains, as well as in the adult rat brain.

The inhibition of transcription in turn should have effects on mitosis, and indeed our results show a decrease in the mitotic index 3 hours after the injection of rat brain TPC. An analogous effect has already been described for the protein complexes from rat heart and kidney cells ([@B5], [@B6]). Only specific factors have the ability to regulate the proliferation of certain cells ([@B26]). Taking the fact that rat brain TPC has an inhibitory effect on the mitotic index of different organs (brain, liver, and kidney) in adolescent (7-day-old) animals, we can assume that we are dealing with a non-specific action. Studying the impact of rat brain TPC on an adult rat tissue reveals that TPC has no inhibitory effect on the transcriptional activity of liver and kidney cells in the adult animal. Hence TPC from rat brain is tissue specific, but this feature is not revealed in the early stages of postnatal development.

So, naturally, the question arises - when does the action of TPC on heterotypic cells become limited?

To answer this question, we used several tissues from rats at different stages of postnatal development over the first month after birth. Our results show that transcriptional activity is suppressed by TPC at the same rate in brain, liver and kidney cells during the first three weeks after birth. A different picture is observed in the case of 4-week old rats with regard to liver and kidney cells. While the transcriptional activity is still inhibited in hepatocytes the intensity of RNA synthesis remains unchanged in kidney cells. This result indicates that the effect of TPC in different cell types is restricted to certain stages of development. At the early stage of development in rats, as is well known, the growth of various organs through cell proliferation ends at different times. For example, proliferation of heart tissue is terminated at the end of the third week after birth, but in liver tissue this process continues until the 6th week ([@B27], [@B28]). This explains why we see inhibition of RNA synthesis by rat brain TPC in liver cells of 4-week old rats in the present study.

According to the literature, growth factors are not characterized by species specificity ([@B29]). To study species specificity we used brain tissue from an adult mouse and a pigeon. Our results showed that rat brain TPC is not characterized by species specificity, similar to TPC from rat heart and kidney ([@B5], [@B17]). The results obtained from various adolescent tissues, as well as from adult animals enable us to conclude that TPC is not species-specific, but expresses tissue specificity with regard to terminally differentiated cells.

As the brain is characterized by plasticity, due to the presence of progenitor cells ([@B11]), and the dentate gyrus of the hippocampus is the main source of progenitor cells for neurons as well as glial cells ([@B10]), in the next stage of the research we studied the impact of rat brain TPC on the proliferative activity of cells in the dentate gyrus of adolescent rats. As the results show, rat brain TPC has the ability to inhibit the mitotic activity of the progenitor cells. In a further series of experiments, we tried to find out whether the process is reversible or not, specifically whether the mitotic index is decreased by delaying cell movement into the mitosis phase or by cell death. For this purpose, we increased the duration of the exposure to rat brain TPC by two hours (the standard duration of an experiment was 3 hours). The observed increase in the mitotic index in the dentate gyrus, 5 hours after injection of rat brain TPC could only be explained by the unblocking of G2-to-M phase transition in cell cycle. Thus, the decrease in mitotic activity associated with rat brain TPC in the first 3 hours occurs as a result of a temporary delay of cells in the G2-phase.

After using the antibody against proliferation marker Ki67 a different picture was seen. The number of cells in the cell cycle increased 3 hours after the injection of rat brain TPC. The increase of Ki67 positive cells associated with the observed reduction in the mitotic index could occur in two ways. Firstly, the increasing of number of Ki67 positive cells (cells in the cell cycle) in the dentate gyrus of the experimental animals, can be due to the number of cells delayed in the G2 phase. Secondly, in the tissue programmed to growth and proliferation, the delaying of cells in the cell cycle by the rat brain TPC can cause the entrance of a new population of precursor cells into the cell cycle.

The ability to accelerate the entrance of new cell populations into the cell cycle is confirmed by the reduced number of GAD65/67 positive cells observed. Decreasing of this enzyme expression in animals in the experimental group indicates a reduction of the transformation of glutamate into gamma aminobutyric acid. According to the literature, glutamate causes strong, progressive activation of the ERK and JNK/ SAPK MAPK cascades ([@B30]). Our immunohistochemical analysis indicates that the number of cells in the cell cycle increases through the glutamate activation of these cascades.

Conclusion
==========

From our results it follows that rat brain TPC causes the reversible inhibition of cell proliferation through the inhibition of transcription. TPC is not characterized by species specificity, while tissue specificity appears to be limited to terminally differentiated cells. In the early stage of postnatal development, the inhibitory effect of rat brain TPC causes an increase in the number of cells in the cell cycle that is achieved by switching on reserve mechanisms in tissues programmed to proliferation.
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